The rule of mixtures was modified based on the concept of effective fibre volume fraction. The degradation parameter of effective fibre volume fraction was proposed in consideration of the microgeometry of composite components. It was shown that the modified rule has good agreement with the experimental strength data and the degradation parameter of effective fibre volume fraction used in this study can be used on general composites.
Introduction
A simple and effective way of predicting the properties of fibre reinforced composites, given the component properties and fibre volume fraction, is the rule of mixtures (ROM) [1] [2] [3] . The ROM predicts the longitudinal elastic constants reasonably well. Unfortunately, it fails to predict accurately the strength of a fibre composite. It is instructive to examine why the ROM does not hold for strength properties. A basic concept in the ROM is the evaluation of each contribution of the fibre and the matrix at the point of failure, and calculation of the ultimate strength of the composite as the sum of contributions according to their relative volumetric properties. But the ultimate tensile strength of a composite is affected not only by the fibre and matrix fractions but also the microgeometry of the composite components. It is very important how the two phases are interconnected and mixed to form the composite. We assume in the ROM that fibres in the composite are unidirectionally aligned and uniformly distributed, but a real composite has some non-homogeneity of fibre spread and misalignment of fibre orientation [4] . Consequently the ROM often overestimates the ultimate tensile strength of unidirectional fibre composites [1] [2] [3] [4] . While the ROM indicates that the strength of a composite increases linearly as the fibre volume fraction increases, the strength of a real composite deviates from the ROM in a non-linear fashion and usually begins to decrease above a fibre volume fraction of 80% [1] .
A modification of the ROM is required to account for the experimentally observed non-linear variation of tensile strength. There have been some recent investigations [5, 6] on this topic. Karam [5] proposed a modification to the ROM based onthe reduction of interfacial surfacesdue to fibrefibre interaction. But his model could not account for effects of low fibre loading on the tensile strength. In this study, a modification of the ROM is suggested to account for the tensile strength of a wide range of fibre volume fractions.
Modification of the rule of mixtures
The ROM is modified by considering the factors influencing strength degradation. We assume the difference between the experimentally observed strength and the strength predicted by the ROM is due mainly to the difference between expected and real contributions of fibres to the composite strength. The fibres cannot make their expected contribution due to microgeometric effects such as non-homogeneity of fibre spread and misalignment of fibre orientation. The modified ROM can be given as follows: (1) where Cl cu is the ultimate strength of composites, d m is the matrix strength at the failure strain of the fibre, O"fu is the ultimate strength of the fibre, V f . is the fibre volume fraction, and V fe is the effective fibre volume fraction. The effective fibre volume fraction is given in terms of the fibre volume fraction and the ratio of real contribution as follows: (2) where P is the degradation parameter for the effective fibre volume fraction, lying between°and 1.
It follows that Vfe = V f when P = 0, while for P = 1, Vfe = 0. P can be calculated from the microgeometry of the composite components and depends only on the fibre volume fraction, since the microgeometry is intimately related to the fibre volume fraction under identical manufacturing conditions. Fig. 1 shows the degradation parameter of the effective fibre volume fraction with the fibre volume fraction. The effect of non-homogeneous fibre spread and distribution of fibre orientation at lower fibre volume fraction, and lack of matrix between some adjacent fibres at higher fibre volume fraction, can be proposed as the main factors causing deviation of composite strength from the ROM. At higher fibre volume fraction, the inability of the matrix to wet and infiltrate the bundles of fibres results in poorly bonded fibres and in voids in the composite, so that the strength of the composite decreases. In this paper, however, P is directly calculated from experimental strength data because of the lack of microgeometrical data. 
Results and discussion
Mittelman et at. [4] have studied the tensile properties of KevlarlEpoxy composites, manufactured from prepregs prepared by the fibre winding and impregnation technique, and loaded parallel to the fibres. The data reported in [4] are used to calculate P and test the validity of the proposed modification to the ROM. The following equation can be obtained from the ROM with the modification.
where .1O"cu is the difference between the experimentally measured strength and the strength predicted by the ROM. Fig. 2 shows the variation of P calculated according to the volume fraction of fibres. We assume that P is a linear function of the fibre volume fraction, and changes its slope at a fibre volume fraction of 54%. These assumptions give the following relations:
for V f~0 .54 (4) 3r-----------------. While both the present model and reference [5] predictions give good agreement with the experimental results at higher fibre volume fractions, only the present model predicts the composite strength accurately as the fibre volume fraction decreases. Karam [5] was unable to consider lower fibre volume fraction because there is no interaction of fibres at lower fibre volume fractions. The results indicate that the strength begins to decrease above a fibre volume fraction of about 80% in real composites, as mentioned earlier. It can be assumed that Fig. 3 the model predicts the actual composite strength since we have defined I' to account for the microgeometry of real composites.
If P is reasonably well obtained from the microgeometry of real composites using micrograph, the tensile strength of a composite can be predicted more accurately. In fact P is not a function determined from the composite components but is mainly dependent on the manufacturing process of composites. Therefore P obtained from KevlarlEpoxy composites in this study can be used to predict the composite strength for any material made by the same manufacturing process.
Experimental data from the literature [1, 3, 7] as summarized in Table 1 were used to verify the model consisting of equations (1), (2) and (4) . In the table the tensile strengths of epoxy resin and fibres are the arithmetic mean values of the experimental data. The available data are very limited and have a large scatter. Results of the prediction are shown in Table 1 . It is found that the modified ROM are in good agreement with the experimental strength data of unidirectional fibre composites, though these were made from different material systems. Hence the form of P used in this study can be applied to general composites manufactured by the same process.
Conclusions
The non-linear variation of tensile strength of unidirectional fibre reinforced composites is predicted accurately by the modified ROM based on the effective fibre volume fraction. To predict the strength of composite materials it is only necessary to know the component strengths, the fiber volume fraction of the composite and the function P from the microgeometry. By testing the proposed model with experimental data, it appears that the degradation parameter of the effective fibre volume fraction, given as a linear function of the fibre volume fraction itself, is not dependent on material properties of composite components, but mainly on the manufacturing process of the composite. These results can be used to overcome the limitation of modeling a failure criterion based on micromechanical approach, which assumes the uniformity and homogeneity of materials.
Our results are also able to predict the tensile strength of general unidirectional fibre composites. 
